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Resumo A necessidade por largura de banda de radiofrequeˆncia, esta´ a aumentar
com o crescente nu´mero de utilizadores e aplicac¸o˜es. Os sistemas de radar
e comunicac¸o˜es, sa˜o dois dos principais intervenientes nesta mate´ria e fun-
damentais para fazer do paradigma da IoT uma realidade. A separac¸a˜o dos
sistemas de radar e comunicac¸a˜o, e´ um desperd´ıcio de recurso sendo a inter-
fereˆncia entre os dois sistemas inevita´vel. Por outro lado, a integrac¸a˜o em
um u´nico hardware, permite o paradigma de dispositivos de funcionalidade
dupla com capacidades de comunicac¸a˜o e radar, fundamentais para lidar
com os desafios da futura IoT.
Nesta dissertac¸a˜o, a integrac¸a˜o de sistemas de radar e comunicac¸a˜o e´
realizada usando OFDM, como forma de onda comum. O uso da codi-
ficac¸a˜o de Alamouti permite tanto a obtenc¸a˜o de diversidade espacial, para
a funcionalidade de comunicac¸a˜o, como a ortogonalidade do sinal de trans-
missa˜o necessa´ria para melhorar a resoluc¸a˜o da functionalidade do radar.
A avaliac¸a˜o de tais me´todos como uma maneira de alcanc¸ar a integrac¸a˜o
de radar e comunicac¸a˜o foi alcanc¸ada atrave´s do desenvolvimento de uma
plataforma de simulac¸a˜o. Primeiro, apenas com a funcionalidade radar,
para configurac¸o˜es SISO e MIMO. Por fim, com as funcionalidades de radar
e comunicac¸a˜o. O sistema proposto apresenta bom desempenho, baixa
complexidade e por isso interessante para aplicac¸o˜es pra´ticas.

Keywords IoT, OFDM, MIMO, Radar, RadCom.
Abstract The demand for radio-frequency bandwidth is rising, with the growing num-
ber of users and applications. The radar and communication systems are
two of main players in this regard and are central to make the IoT paradigm
a reality. The separation of the radar and communication system is a waste
of resources and the interference between the two systems is inevitable. On
the other hand, their integration on a single hardware, enables the paradigm
of dual functionality devices with communication and radar sensing capa-
bilities fundamental to cope with the challenges of future IoT.
In this dissertation, the integration of radar and communication systems
is accomplished by using OFDM as a common waveform and the use of
Alamouti coding enables both the achievement of spatial diversity, for the
communication functionality, and of transmit signal orthogonality required
to improve resolution, for the radar functionality. The evaluation of such
methods as a way to achieve radar and communication integration was ac-
complished by developing a simulation platform, first only with the radar
functionality, for SISO and MIMO configurations, and then with both radar
and communication functionalities. The RadCom system developed present
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This Chapter introduces the background of the radars and communications systems. The
first section discusses the evolution of the communication systems and the second one focus on
the joint radar and communication systems, followed by some applications, then the objectives
and motivation and the structure of this work is presented.
1.1 Communication Systems
The first generation (1G) introduced in 1980s, provided a basic voice service using analog
transmission. The rise of second generation (2G), third generation (3G) and fourth generation
(4G) and the impact of these systems worldwide, led us to talk today about the fifth generation
(5G). The success of these systems is due to the fact that they offers mobility, portability and
ease connection that allows to free the user from a physical connection to a network. Such
characteristics that made it a powerful tool also made it indispensable to the people’s life.
Starting with the first generation, the technology was supported by different systems in
different countries, at that time: Nippon Telephone and Telegraph (NTT) in, Japan; Nordic
Mobile Telephone (NMT) and Total Access Communication System (TACS) in Europe; Ad-
vance mobile phone system (AMPS) in USA. All the systems offered roaming capability, but
the cellular networks were unable to interoperate between countries [1]. The need for such
systems to be compatible and interoperable with each other and to go along with the growing
market of mobile communication, a strait policy of technology standardization become more
serious.
The second generation, brought the digital technology. This generation emerged in 1990’s
and was supported by digital multiple access technology, like time division multiple access
(TDMA) and code division multiple access (CDMA) [2]. The upgrade from analog to digital,
brought considerably higher efficiency at the spectrum level and also enabled the mobile
data services, beginning with the short message service (SMS). The systems deployed for
this generation were: Global System for Mobile Communications (GSM) in the European
countries; Digital Advanced Mobile Phone System (D-AMPS) IS-54 in the USA; Japanese
Digital Cellular (JDC) in Japan and Code Division Multiple Access (CDMA) by Qualcomm,
USA [3].
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Figure 1.1: Evolution of the Mobile Communication System [4].
The third generation technology, was based on a plan denominated the International Mo-
bile Telecommunications-2000 (IMT-2000), created by the International Telecommunication
Union (ITU) to implement the wireless communication standards for all countries [1]. This
technology had as main objective to provide higher data-rate services [5]. The services in-
cluded wide area wireless voice, telephony, video calls, and broadband wireless data, mobile
television, global positioning system (GPS) and video conferencing, all in a mobile environ-
ment [1]. One of the aspects of the 3G was the choice of CDMA as the preferred access
technique for the majority of 3G systems [6]. Two concepts were created based on CDMA
schemes the Wideband Code Division Multiple Access (WCDMA) and CDMA 2000 [3].
The Fourth Generation provides access to a wide range of telecommunication services,
including advanced mobile services, supported by mobile and fixed networks, along with a
support for low to high mobility applications and wide range of data rates [1]. The stan-
dard technologies considered for the 4G include the Long Term Evolution (LTE), Ultra Mo-
bile Broadband and World wide Interoperability for Microwave Access (WiMAX) [7]. The
4G was marked by the LTE interface that employs two main technologies: the Orthogonal
Frequency Division Multiple Access (OFDMA) for downlink and Single Carrier Frequency
Division Multiple Access (SC-FDMA) for uplink. The continuous development of LTE led
to the appearance of LTE-Advanced. The Figure 1.1 illustrate the evolution of the mobile
communications.
The fifth generation network technology will open a new era in mobile communication
technology. Unlike previous systems, which focused on providing voice and data services, 5G
focuses on users and their needs. It seems that 2020 will be the year that Fifth Generation
technology will arrive in the global telecommunication market [1]. 5G wireless networks will
support up to a 1000-fold increase in capacity compared to existing networks. It is anticipated
to connect at least 100 billion devices worldwide with approximately 7.6 billion mobile sub-
scribers due to the tremendous popularity of smart-phones, electronic tablets, sensors, and so
on. It is expected an individual user experience up to 10 Gb/s [8]. The expected subscription
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growth, by mobile technology, is illustrated in Figure 1.2. Along with the dramatic traffic
explosion and device proliferation, 5G also has to integrate human-to-machine and machine-
to-machine communications in order to facilitate more flexible networked social information
sharing aiming for one million connections per square kilometer [9].
Figure 1.2: Mobile smartphone subscriptions by technology [8].
To achieve all the service requirements 5G face some design challenges. The Figure 1.3
summarize the parameters and make a comparison between 4G e 5G. Some of the requirements
are mentioned below [1],[10]:
• Reduced Latency: is expected that 5G will be able to support a roundtrip latency
of about 1 ms. Reducing latency leads to achieving high data rates and faster response
times but could also introduce new use cases such as remote control of machines.
• Higher User Mobility: is expected that the existing mobile services continue with
the natural evolution but it is also expected that new ones, such as autonomous driv-
ing, vehicle-to-vehicle communications, traffic safety and other services will emerge.
Therefore, there is a pressing need for higher user mobility.
• Low Battery Consumption: the reduction of energy consumption in devices play a
key role. Some of the expected technologies in 5G will require an uninterrupted opera-
tion of devices. For example, remote health services, automotive and virtual reality.
• Higher Data Rates: Services as realtime gaming, augmented reality, remote con-
trolled vehicles, cloud services and machine to machine communications will be common
among users. In order to provide a good service a high data rate service is necessary.
3
Figure 1.3: 5G requirements [11].
Some of this requirements can be achieved through some potential technologies [10]. The
multiple-input multiple-output (MIMO) technique employs multiple antennas at the trans-
mitter and receiver, serving multiple users using the same time frequency resources. Such
technique is used to increase the spectral efficiency (SE) of a wireless link. Massive MIMO
extends the MIMO concept by dramatically increasing the number of antennas employed,
serving tens of users simultaneously and increasing the spectral efficiency 5 times to 10 [12].
The use of frequencies above 10 GHz is being considered for 5G. Frequencies around 30 GHz
until 300 GHz are in the millimeter wavelength band. The use of millimeter waves(mmWave)
compared to lower frequencies bands results in an increased bandwidth. Extreme densifica-
tion can be a solution as well to improve the area spectral efficiency [10]. These are some of
the solutions under study.
A fully mobile and connected society is expected in the near future, which will be charac-
terized by a tremendous amount of growth in connectivity, traffic volume, and a much broader
range of usage scenarios [13]. The Internet of Things (IoT) will be one of the main drivers
in the future development of mobile communications. The Internet of Things (IoT) initially
utilized current internet infrastructure and existing technologies to transform stand-alone de-
vices into interconnected smart objects [14]. From the point of view of a private user, the
most obvious effects of the IoT introduction will be visible in both working and domestic
fields [15].
4
1.2 Joint Radar and Communication Systems
The first radar was patented in 1904 by Christian Hulsmeyer. It was a pulsed radar,
radiating differentiated pulses, generated by a spark gap [16]. Compared to several decades
ago radar applications have spread to many new areas like automotive radars, surveillance,
sensors, automation control, medical applications, imaging, remote sensing and so on [17].
Such applications were what maintained the radar technology alive.
There are radars that only listen and analyze what is around them using signals emit-
ted by other systems, named as passive radars [18]. This radar system fits to the bistatic
topology. Passive radar systems may be used for military surveillance and civil applications
such as airspace surveillance and surface monitoring [19]. FM radio, cellular base stations,
satellite systems, Digital Audio Broadcasting (DAB) and Digital Video Broadcasting (DVB)
are communication systems that can be used as passive radar sources [19]. Some of these
systems use OFDM modulated signals, in [20] the use of DVB signals as a radar system for
traffic density monitoring, is studied. The Figure 1.4 shows a scenario of a bistatic system















Figure 1.4: Bistatic topology.
On the other hand we have the active radars. The active radars fits in the monostatic
topology and can be illustrated by the scenario presented in Figure 1.5. The system illustrated
also uses a shared waveform for both the communication link and the radar system. Consider
the scenario illustrated in Figure 1.6, where the radar system and the communication system
are designed in isolation. The introduction of a shared waveform used for joint radar and
communications will benefit both systems, since it can be the, for example, a solution for
problems like spectral congestion.
Wireless communication and radar systems represent two different types of systems that
utilize the radio frequency (RF) spectrum. While these systems have traditionally been








































Figure 1.6: Radar system and the communication system designed in isolation.
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new generation of dual communication and radar systems that can handle the trend towards
less exclusionary spectrum policies and interference [21]. The frequency spectrum became
one of the most valuable resources. The strictly limited spectrum resources leads to a better
use of this resource exploiting the spectrum for opportunistic spectrum usage. One example
is the design of a joint radar and communication (RadCom) system. This system caught the
attention in many fields and it is already being extensively researched to take full advantage
of the limited spectrum [16].
The idea of combining this two systems in one is not new [22],[23]. However, the existence
of such systems is rare . NASA Space Shuttle ”Orbiter” is one of the few examples, the
system could switch between radar and communication but not perform the both at same
time [24]. The true philosophy of joint radar and communication relies on embedding in the
radar waveform the communication message [25],[26].
The potential strategies that may lead to the integration of communication and radar
systems in the future include [16]:




• Combination of radar-communication (RadCom).
The use of OFDM as the supporting signal model to this kind of systems was first suggested
in [27] and studied in [28],[29]. A collocated antenna architecture and a spectrum sharing
algorithm for RadCom systems were suggested in [30] and a digital beamforming for a higher
angular resolution in [31]. In this work, we consider the combination of OFDM multiple input
multiple output (MIMO) technology and digital beamforming for the integration of radar and
communication systems. These concepts are explained more deeply in the next chapters.
The integration of wireless communication and radar sensing systems will bring up many
benefits in areas such as, intelligent transportation systems (ITS), wireless sensor networks
(WSN) and modern military applications [32]. A typical application of such system can be
found in the automotive field. A joint radar and communication systems for automotive
systems, is already being discuss [33]. ITS require smart vehicles to have the capability
of autonomously sensing the driving environment and cooperatively exchanging information
data such as velocity and braking between vehicles and also road, traffic and weather condi-
tions [32]. With self-driving cars, two technologies emerge as well, such as vehicle-to-vehicle
(V2V) communications and navigational/avoidance radar [34],[35]. Figure 1.7 shows some
communication scenarios in intelligent transportation systems.
In the current market, among the most popular smart cars we have the ones developed by
Tesla Motor’s. The autopilot mode developed by the Tesla Motor’s relies on its sensors and
learning algorithms. The car is capable of steer safely within a straight road, initiate lane
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change, manage speed and park the car, but the system is not intelligent enough to react in
more complicated traffic situation [36]. A vehicular network where the vehicles collaborate
with each othe by providing their navigation and sensor information to other vehicles (V2V
communications) would be beneficial to situations like this.
Figure 1.7: Intelligent Transportation Systems [37].
1.3 Overview and Motivations
Wireless mediums, such as RF, optical, or acoustical, provide finite resources for appli-
cations such as radar and communications systems. The two systems have been studied and
developed separately. Often, they compete with one another for the same resources [34].
The design of a system that integrate both radar and communication functions in the same
hardware can be beneficial in terms of cost, dimension, performance and spectral efficiency
[38]. Moreover, to meet the increasing requirements on the radar performance, evolution in
terms of signal processing algorithms as well as in the radar concept become more necessary.
The spectrum congestion problem is forcing the research for cooperative methods and joint
design approaches to accomplish the growing number of communication applications and the
demand for high data rates [39].
The internet of things (IoT) will connect all kind of objects through the internet. The
radar and communication technology are fundamental aspects that will also bring advantages
for the future of Internet of things [40]. The growing number of radar applications led us to
a need for presenting a more robust radar technology. One of the most important aspects
of the radar technology is the signal modulation. A technology that gained attention in the
last few years was the use of OFDM waveform for the radar [27]. The advantages of using
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OFDM as signal brings to the radar system a better range resolution, spectral efficiency and
frequency diversity. Furthermore, some studies considered the extension of OFDM radar to
a multiple-input multiple-output (MIMO) radar system [41].
The main motivation of a joint radar and communication system goes to the efficient
use of limited spectral resources based on a single waveform that combines both applications
radar and communications [22][29][41]. This dissertation considers both the signal detection
and wireless communication areas, having as main objective to evaluate the performance of
an integrated radar and communication system. The specific objectives include:
1. The development of an OFDM Radar system, where the velocity and range parameters
are estimated;
2. The incorporation of multiple antennas in the OFDM Radar system developed in order
to be able to perform angle estimation;
3. The combination of the Alamouti Coding in the OFDM Radar to establish a commu-
nication link with another device, maintaining the radar functionality;
4. The performance evaluation of the proposed and developed systems by resorting to
numerical simulations.
1.4 Contributions
The main contribution of this work is the combination of the Alamouti code with OFDM,
which allowed the integration of radar and communication technologies in a simple and effi-
cient way. Therefore, the application in practical systems is also interesting.
1.5 Structure
This dissertation starts by introducing the background of communication systems and its
evolution, then an overview of joint radar and communication systems is performed, and some
applications presented. Next, the motivations and objectives of this work are described and
from this point onward, the dissertation structure is organized in the following form:
In chapter 2, the radar fundamentals are presented. The Chapter starts by explaining an
elementary radar system and the main radar parameters. Additionally, the radar equation
and the different types of waveform are studied. The frequency bands commonly used for the
radar operation are also presented in this chapter.
In chapter 3, we briefly introduce the OFDM concept for communication systems, then
study the use of OFDM for radar. The radar most important requirements for the design of
radar systems are also presented in this chapter.
In chapter 4, we introduce the MIMO concept for the radar system. First, an overview of
the main characteristics, for the communication technology, of MIMO systems such diversity
and spatial multiplexing are made, then, specific antenna configurations for MIMO radar are
presented. Finally, the OFDM MIMO signal model for radar applications is studied.
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In chapter 5, we divide the chapter in three parts. First, the implemented OFDM MIMO
Radar system is described, which includes the system model and the radar processing to
obtain the radar image. Follows, the description of the method to combine the Alamouti
code with OFDM to enable joint radar and communication. Finally, the performance results
are presented.





Radio Detection and Ranging (Radar) is an electromagnetic system to detect and locate
objects. Detection and ranging have been and continues to be the primary function of radar.
Modern radars do much more than just detection and ranging, they are able to find many
characteristics about the target such as its size, shape and velocity, for example. This features
of the radar system make them an important tool for military and civilian applications.
This chapter focuses on the radar fundamentals, including the radar functions, radar
parameters and different radar types.
2.1 Radar Basics
The radar systems can be categorized as monostatic radar, where the transmitter and the
receiver are located in the same place and bistatic radar where the transmitter and receiver
are separated. This work studies only the monostatic radar. A simple form of radar starts
by transmitting electromagnetic waves in all the directions. The targets in the environment
intercept these radiated waves and reflect back in all directions. A part of this reflected signal
is received by the radar system. The received signal is processed to obtain information about
the target, like velocity and range. Figure 2.1 shows a typical radar scenario.
An elementary radar can be described by the block diagram illustrated in Figure 2.2.
The radar signal generated by the waveform generator is modulated and sent to the power
amplifier. The waveform is generated at a low power level, in order to generate different
types of waveforms in an easier way for the different types of radars, then through a power
amplifier the signal is raised to the desired power level. The duplexer allows the same antenna
to be used for both transmitting and receiving. The duplexer acts as a switch disconnecting
the receiver from the antenna and protecting the receiver from the high power when the
transmitter is ON, to avoid damage. The duplexer also acts as a channel to the echo signal
forwarding the signal to the receiver and not to the transmitter. The first stage of the receiver
might be a low noise amplifier or it can be the mixer stage. Radars with a low noise amplifier
in the first stage make the radar more sensitive, the input mixer can have greater dynamic
range, less susceptibility to overload, and less vulnerability to electronic interference. Radar
without a low noise amplifier is used especially in military radars that must operate in a noisy
environment.
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Figure 2.1: Radar scenario.
The receiver amplifies the reflected signal to a level where it can be easily analyzed. The
local oscillator and mixer are used to convert the received RF signal to the intermediate
frequency signal. The matched filter should maximize the signal-to-noise ratio at the output
for signal processing. It should separate the desired signal from the clutter signal portion.
After maximizing the signal-to-noise ratio, the modulated signal is extracted by the second














Figure 2.2: Block diagram of a Radar.
2.1.1 Radar Functions
Some of the basic functions performed by the radar include target detection, target velocity
and determining the range. These functions will be briefly described in this section. Some of
the parameters listed cannot be performed by some types of radar, depending on the waveform
used by the radar as we will see in section 2.4.
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Target detection
Detection is the process of determining whether or not a target is present. There are four
possible conditions of detection[42]. Figure 2.3 illustrates the possibilities. In (a) the target
is present and detection occurs, the result is considered correct. In (b) there is no target and
the radar display also shows no detection, the result is correct. In (c) there is the presence
of a target and the radar fails to show it on the display, an error occurs. In (d) there is no
presence of a target and the radar shows detection, in this case the error occurred is referred
to as a false alarm. These errors normally occur because a weak target can be confused by a
strong interference.
Figure 2.3: The conditions of detection[42].
Range and delay
The range is used to indicate the distance between the radar system and the target. In
radar, time synchronization is required for the transmission of radar signals that are measured
by the range of radar [43]. So due to the modulation of the transmitted signal, the time taken
by the wave to travel to the target and back to the radar can be measured.
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Assuming td to be the round trip time from the radar to the target and back to the radar,
and assuming that the propagation velocity c0 of the electromagnetic wave is equal to the






R is in meters and td is in seconds. The fraction 1/2 is due the round trip travel time.
Range resolution
The range resolution is the ability of the radar to distinguish between targets that are
close to each other in range. The radar resolution depends on the pulse width that is also
related to the signal bandwidth. The equation that expresses how close two targets can be in







Figure 2.4 shows a practical scenario.
τ.c0
>> τ ≈ τ
Figure 2.4: Minimum distance of targets in range [44].
Velocity and Doppler effect
Radars use the Doppler effect to estimate the relative velocity. The Doppler effect can be
translated into a change in the frequency or wavelength of the wave in relation to an observer
who is moving relative to the wave source [45]. Figure 2.5 shows an example.
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Figure 2.5: Doppler effect.





The Doppler shift is inversely proportional to wavelength λ, and its sign is positive or negative,
depending on whether the target is approaching or moving away from the radar.
Doppler resolution
The Doppler resolution is the ability of the radar to distinguish targets with different





where Tobs is the observation time.
2.2 Frequency Band
Radar frequency bands are classified into letter designations standardized by the Institute
of Electrical and Electronic Engineering (IEEE) in [46]. The most commonly used bands
operate in a range of 220 MHz to 35 GHz[47]. Table 2.1 shows the different frequency bands
and their nomenclature.
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Table 2.1: Frequency bands [46].
Band designation Frequency Range Applications
HF 3 - 30 MHz Over-the-horizon surveillance
VHF 30 - 300 MHz Long-range air surveillance
UHF 300 - 1000 MHz
Long-range air surveillance, Ground
penetrating RADAR
L 1 - 2 GHz Long-range air surveillance
S 2 - 4 GHz Medium-range air surveillance
C 4 - 8 GHz
Medium-range air surveillance,
Long-range tracking
X 8 - 12 GHz Short-range tracking, Missile guidance
Ku 12 - 18 GHz High resolution mapping
K 18 - 27 GHz Weather
Ka 27 - 40 GHz Very high resolution mapping
V 40 - 75 GHz -
W 75 - 110 GHz Automotive
mm 110 - 300 GHz -
2.3 Radar equation
The radar equation is a deterministic model that relates received echo power to transmit-
ted power in terms of a variety of system design parameters. The radar equation also relates
the characteristics of the transmitter, receiver, antenna, target, and environment[48] [49]. In
this section, the simple form of radar equation is described.
Assume that an isotropic radiating element transmits a waveform of power Pt and no
power is lost in the medium, the power density at a range R is the total power Pt divided by
the surface area of a sphere of radius R [49],




Radars employ directive antennas to focus the outgoing energy in the direction of the
target. The increased power radiated in a particular direction has a gain G associated to the
antenna,




A target at range R intercepts a portion of the incident power and radiates it in various
directions, some part toward the radar. The part power radiated back to the radar is denoted
as the radar cross section δ, the relation is given by




















The radar system suffers from very large signal path losses. There are losses associated
with the radar cross section, the reflexibility of targets and the round-trip distance is twice
that of a general communication system.
The maximum radar range Rmax is the distance beyond which the target cannot be









In practice, the observed maximum radar ranges are usually much smaller because some
factors that affect range are not explicitly included in the equations above.








where k is the Boltzmann constant, T0 is the temperature, B is the receiver bandwidth,
Fn is the noise factor and (
S
N )min the minimum value of signal-to-noise-ratio.
Noise Factor
The noise power in practical receivers is often greater than can be accounted by thermal
noise alone. The additional noise components are due to a mechanism other than the thermal
agitation of the conduction electrons. The total noise at the output of the receiver may be
considered to be equal to the thermal-noise power obtained from an ”ideal” receiver multiplied





where N0 is the output noise from the receiver, Gn the available gain.
Radar Cross Section





and represents the magnitude of the reflected signal to the radar by the target. Er is the
electric field strength of the reflected signal at the radar and Et the electric field strength
incident on the object.
2.4 Radar Waveform
The type of waveform employed by a radar is a major factor that affects the radar system
performance metrics, such as range resolution, velocity resolution, SNR, and the probability of
target detection[50]. Radar systems can be divided into two classes according to the waveform
used: continuous wave (CW) and pulsed. Both pulsed and CW waveforms can be further
categorized based on the presence or absence of frequency or phase modulation.
2.4.1 CW Waveform
With CW waveform the transmitter is continually transmitting a signal, while the radar
transmitter is operating. The receiver continuously operates also. Due to the constraints of
continuous RF power, the detection range is relatively short. CW waveforms have the highest
Doppler sensitivities but no range resolving power[51]. Since a single frequency unmodulated
signal using by a CW radar cannot measure the target range, the wave must be accomplished
with a frequency modulation (FM). This technique puts a timing mark on the electromagnetic
wave. The modulation signal could be a sine or a triangle as shows the Figure 2.6.
Figure 2.6: (a) Sine wave modulation and (b) triangular modulation [42]
2.4.2 Pulsed Waveform
Pulsed radars transmit EM waves during a very short time duration, or pulse width τ ,
typically 0.1 to 10 microseconds(µs) [52]. Pulsed waveforms can be defined based on a single
pulse. Figure 2.7 shows some common pulsed radar waveforms.
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Figure 2.7: (a) simple pulse, (b) linear frequency modulated, (c) binary phase-coded pulse
[52]
During the pulse transmission time, the receiver can not detect any signal and while
the transmitter is off, the receiver is on so that target signals can be detected. The pulsed
waveform is illustrated in Figure 2.8.
Figure 2.8: Pulsed radar waveform [52]
The radar waveforms, are summarized in Table (2.2) and Table (2.3) [50].
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Waveform Type Transmit Waveform Detection Principle





FMCW ej2pi(fct+0.5Kt)t,K = BT0 Conjugate mixing




j2pi(fct+n∆f)t Frequency domain channel estimation
Table 2.2: Radar Waveforms-Transmit Waveform and Detection Principle.
Waveform Type Resolution Comments
CW ∆fd = 1/T ; No range information
Pulsed ∆R = cTp/2;∆fd = 1/Tp Range-Doppler performance tradeoff
FMCW ∆R = c/2B;∆fd = 1/PT0 Both range and Doppler information
SFCW ∆R = c/2B;∆fd = 1/PT0 ∆f decides maximum range
OFDM ∆R = c/N∆f ;∆fd = 1/PTN Suitable for vehicular communication
Table 2.3: Radar Waveforms-Resolution.
In Table (2.2) and Table (2.3) :
• B denotes bandwidth of the radar.
• T is the amount of time for which data is captured.
• N stands for a number of samples in CW and number of carriers in OFDM.
•
∏
(Tp) is a rectangular pulse of duration Tp.
• P is the number of FMCW/SFCW or OFDM blocks of duration T0 and TN , respectively.




To perform the integration of radar and communication a feasible option is do this using
an integrated waveform. The design of an integrated waveform can be classified into two main
categories, the use of multiplexing techniques or the use of waveform sharing[53]. The idea is
hidden in the traditional radar, the payload data.
There have been many types of research regarding orthogonal frequency division multi-
plexing(OFDM) as a waveform suitable to perform radar functions and communication func-
tions [54],[55]. OFDM is mostly used as a communication signal, whereas it is uncommon for
radar systems. Amplitudes and phases of carriers constituting the OFDM signal carry the
communication message. For radar systems, the process of getting the important information
from the signal passes to the matched filtering. The matched filtering is the calculation of
the correlation of the received echo with the transmitted radar signal in an effort to minimize
the additive white Gaussian noise [56].
This section discusses the concepts of the OFDM waveform, and the OFDM as the radar
signal.
3.1 OFDM Signal Basics
The basic principle of OFDM is to split a high-rate datastream into a number of lower rate
streams that are transmitted simultaneously over a number of sub-carriers[57], as represented
in Figure 3.1. The carriers that constituting the signal are uniformly spaced in frequency,
being mathematically orthogonal. Firstly, to generate multiple carriers was through a bank
of shaping filters which provided the orthogonality between the carriers [58]. Filter banks are
an array of band-pass filters that separate the input signal into multiple components. The
implementation of the OFDM with a large number of carriers was not practical based on the
filter banks, so lately the filter banks were replaced with the fast Fourier transform(FFT)














Figure 3.1: OFDM modulation.
OFDM is widely adopted because of a number of advantages that it offers[60]:
• Orthogonality of sub-carriers signals that allow:
– trivial generation of transmit signal through an IFFT block;
– trivial separation of the transmitted data symbols at the receiver through a FFT
block;
– trivial adopting to multiple-input multiple-output(MIMO) channels.
• Adaptive modulation schemes can be applied to sub-carrier bans to maximize the band-
width efficiency.
• The structure of OFDM symbols simplifies the task of carrier and symbol synchroniza-
tion.
3.1.1 Signal Generation
The OFDM signal can be visualized as a set of signals spanning a bandwidth, all modulated
onto non-overlapping sub-carrier frequencies, as showed in Figure 3.2 .
Figure 3.2: Spectra of (a) an OFDM sub-channel and (b) an OFDM signal [57].
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The sum of sub-carriers that constituting the OFDM signal are modulated using phase
shift keying (PSK) or quadrature amplitude modulation(QAM). Assuming ck to be the com-
plex symbol transmitted, each one modulated in one different sub-carrier, with a frequency
associated, f0 through fN−1, T the symbol duration and fc the carrier frequency of the en-
tire signal. The orthogonality is ensured by choosing a constant sub-carrier spacing, that





















Figure 3.3: An OFDM block in the time-frequency plane.
A set of modulation symbols transmitted in the same time slot is called an OFDM symbol.
An OFDM signal can have a total of M time slots. The group of N signals, for each OFDM
symbol form a frame with dimension N ×M . Figure 3.4 illustrates the distribution of the















Figure 3.4: OFDM frame schematic.
Assuming a rectangular pulse shape of duration T for the modulation symbol ck,l,
rect(t) =
{
1, 0 ≤ t < T
0, otherwise
(3.2)
the mathematical expression for the complex baseband OFDM signal correspondent to






The OFDM signal can efficiently be performed using an inverse fast Fourier transform
(IFFT) before the transmission. Considering the length of the IFFT equal to the total number








The discrete version of the signal on the 0-th OFDM symbol is given by,





N , n = {0, 1, ..., N − 1}. (3.5)
The original sequence ck can be recovered by sampling it at a rate N/T , and applying the
FFT over the N samples from on slot with duration T [61].
[sn] = IFFT [ck]⇒ [ck] = FFT [sn]. (3.6)
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3.1.2 Orthogonality
Orthogonality is a property that allows multiple information signals to be transmitted
perfectly over a common channel and detected, without interference. Loss of orthogonality
results in blurring between these information signals and degradation in communications[62].





C i = j
0 i 6= j (3.7)
In the frequency domain, each OFDM subcarrier has a sinc, frequency response. The sinc
shape has a narrow main lobe, with many side-lobes that decay slowly with the magnitude.
Each carrier has a peak at the center frequency and the peak of each subcarrier corresponds
to the nulls of all other subcarriers as the Figure 3.5 illustrates.
Figure 3.5: OFDM signal frequency spectrum [63]
3.1.3 Cyclic Prefix
The transmitted OFDM symbol can be received with distortion due to multipath propaga-
tion. Multipath propagation is caused by the radio transmission signal reflecting off objects in
the propagation environment[62]. This spreads the symbol boundaries causing inter-symbol
interference (ISI).
To eliminate the inter-symbol interference a guard interval is inserted before every OFDM
symbol. The creation of the guard interval can be made by copying the last part TCP /T
part of the OFDM symbol. This cyclic copy extends the length of the symbol waveform
to T0 = T + TCP . The duration of TCP normally is chosen according to TCP /T = 1/4 or
TCP /T = 1/8.
Figure 3.6 shows the method of introducing the cyclic prefix (CP) by coping a piece of





Figure 3.6: Cyclic Prefix.
3.1.4 The OFDM System
Figure 3.7 shows a schematic of an OFDM transmitter and receiver. In this work, the
parameters related to the RF front-end are ignored. At the transmitter side, the first step
is to modulate the message into symbols, using Phase Shift Keying(PSK) or quadrature
amplitude modulation(QAM). Then, the flow of complex symbols is converted from serial to
parallel, and each phase code is attributed to each subcarrier. An inverse discrete Fourier
transform(IFFT) is applied. The discrete time signal resulting from the IFFT is converted
from parallel to serial and as result the discrete time domain of the OFDM symbol is defined.



























Figure 3.7: OFDM architecture block diagram.
At the receiver side, first the cyclic prefix (CP) is removed, then the OFDM symbol is
converted from serial to parallel and symmetrically to what happened in the transmitter,
a fast Fourier transform(FFT) is applied. After the parallel-to-serial conversion and the
demodulation, the message is recovered. Table 3.1 shows a list of relevant parameters.
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Symbol Parameter
N Number of subcarriers
M Number of OFDM symbols
B Signal bandwidth
∆f Subcarriers spacing
T OFDM symbol duration
TCP Duration of the cyclic prefix
T0 Total duration of OFDM symbol
NTotal = N IFFT length
MTotal = M FFT length
fc Carrier frequency
fs = NTotal∆f Sampling rate
Table 3.1: OFDM parameters.
3.1.5 Communication Requirements
In communication the main restrictions are imposed by the characteristics of the wave
propagation channel. Given a multipath propagation channel, the signal parameterization
must be chosen such that there is neither interference between consecutive OFDM sym-
bols(ISI) nor between adjacent sub-carriers (ICI).
Consider the following characteristics of propagation channels for OFDM [64]:
• The maximum excess delay τe. Radio waves usually reach the receiver on a variety of
paths, and arrive at different times. The time difference between the first and the last
arrival of the same wave is described by τe
• The Doppler spread BD. This describes the widening of the spectrum, caused by dif-
ferent Doppler shifts on each multipath. It is inversely proportional to the coherence
time TC , which is the time over which the channel may be assumed constant.
• The delay spread τDS , is an average value for the time difference of multipath prop-
agation times. Paths are weighted by their attenuation, meaning that paths carrying
more energy contribute more to tauDS than paths with large fading. The delay spread
is inversely proportional to the coherence bandwidth BC , which is the bandwidth over
which a channel may be considered flat.
The key parameters of the OFDM modulator system are the length of the guard interval
TCP , the carrier distance ∆f and the number of carriers N [65]. The OFDM system needs
to satisfy some conditions according to the characteristics above present.
First, the guard interval length needs to be larger than the maximum excess delay of the
channel,
TCP > τe (3.8)
i.e. the time difference between the arrival of the first and the last multipath signal. This
simple condition can avoid the ISI.
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Second, to avoid ICI, it is important that the subcarrier spacing is chosen larger than the
Doppler spread and smaller than the coherence bandwidth of the channel,
BD  ∆f  BC (3.9)
in order to prevent the spreading destroy the orthogonality between carriers.
Lastly, the coherence time TC of the channel must not exceed the symbol duration T .




3.2 OFDM signal as the Radar Signal
The radar operation can be described as the retrieval of target parameters from the
received echo signal, like range and the radial velocity of a target.
There are two major features of OFDM signals which make it applicable in radar ap-
plications, which are the signal long duration and the wide spectrum. The first one, signal
long duration helps to determine Doppler shift very accurately. On the other hand, the wide
spectrum of the signal gives an opportunity to find a time shift of the received echo signal.
Knowing these two values we can determine the velocity of the target and its distance from
the radar system [66]. Several methods of OFDM radar signal processing have been proposed.
One of the approaches was designed by using a correlation of received and transmitted sig-





































Figure 3.8: Block diagram of an OFDM Radar.
To use the OFDM communication signal for radio detection and ranging of the targets
the baseband OFDM signal is modified to include the RF carrier frequency. To start, let us
consider a SISO radar, whereby there is only one Tx and Rx pair on the same platform. The
Tx and Rx are collocated at a distance dant, sufficiently smaller than their distance to the
target which is in far-field region. The block diagram of a OFDM Radar system is presented















The equation (3.11) says that each modulation symbol ck,l is modulated onto the subcarrier





is a rectangular function with the duration of lT
correspondent to every l-th OFDM symbol in the time domain. The CP is not shown for
simplicity since it will be removed before the radar processing and will not affect the outcome
of the radar estimation.
Considering the scenario illustrated in Figure 3.9. Assuming a total number of H targets,
each located at the distance rh. The wave s(t) hits the objects and it is then backscattered to
the radar. The total distance traveled by the signal can be assumed as 2rh, since dant  rh.
The time delay becomes a phase rotation when the Fourier transformed is performed according
to






Figure 3.9: Radar scenario.
Considering a moving object, with a radial velocity v, which results in the Doppler fre-

















As the carrier frequency is normally in the GHz range, which is much larger than the
baseband subcarrier spacing, it is assumed that the Doppler term affects all subcarriers by



















The equation (3.14) include the following effects:








• ejζ accounts for any random phase offset due to the state of the channel or hardware
and is hence a complex value.










• w(t) represent the white Gaussian noise.
The received signal is to be processed in the digital domain. So, the discrete form is





where n is the sample number, n = 0, ..., N − 1.






−j2pik∆fτhej2pifD,hlT + w(k, l) (3.19)
The evaluation of the range and velocity of the targets can be done by comparing the
transmit and receive signals to extract the differences.
3.2.1 Radar Requirements
In order to guarantee reliable system performance, several criteria have to be considered
when choosing the system parameters. This concerns in particular the effects that cause signal
distortion like Doppler shift and multi-path propagation [68]. The OFDM signal specifications
for joint radar and communications, was discussed in [65] and in [69].
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Maximum unambiguous range
The rmax refers to the theoretical maximum possible target distance detectable by the
radar without ambiguity. The radar range is periodic in time with a periodicity equal to
the OFDM symbol duration [68]. Considering that the signal travels the distance twice, this













The range resolution gives us the minimum distance required between two objects to
distinguish the objects as separate. The achievable range resolution of a radar system depends








Higher bandwidth means higher resolution. Given a maximum tolerable resolution ∆rmax,





The maximum unambiguous Doppler is analogous to the maximum unambiguous range










In frequency, a large subcarrier distance alleviates the deorthogonalizing effect of a fre-
quency offset. Therefore, it must be ensured that ∆f is larger than the Doppler shift caused






Along with the corresponding velocity resolution, the Doppler resolution is related to the












OFDM MIMO Radar System
The term multiple-input-multiple-output (MIMO) radar can be defined as a multiple-
transmit-receive antenna configuration which emits independent waveforms through trans-
mitters and these waveforms are then received by the multiple receivers [71]. In wireless
communication systems the use of MIMO has been shown to have the potential of provid-
ing significantly higher capacity compared to the conventional single antenna systems [72].
When introducing multiple antennas into OFDM systems, an even better capacity perfor-
mance can be achieved [73]. MIMO is an efficient technique for broadband data transmission
in multipath fading environments to improve system spectral efficiency and capacity [74].
MIMO systems have led to a revolution in wireless communications [75]. Publications like
[76] indicate that MIMO systems can exploit similar ideas in radar, suggesting interesting
cross ideas between MIMO communications and MIMO radar.
This chapter introduces the fundamentals of MIMO concepts, the antenna configuration
for MIMO radar application and the signal model for MIMO Radar systems.
4.1 MIMO Overview
MIMO techniques improve communication performance by either combating or exploiting
multipath scattering in the communications channels between a transmitter and receiver.
MIMO techniques combat multipath by creating what is called spatial diversity, and those
techniques that exploit multipath do so by performing spatial multiplexing [77]. One of the
advantages is the improvement of the data rate as well as the signal-to-noise-ratio (SNR)[53].
Some fundamental concepts are reviewed in the following sections.
4.1.1 Diversity
In most environments where wireless communication systems operate, the strength of the
received signal varies with time. When the signal travel from the transmitter to the receiver in
an urban environment for example, before being received the signal is reflected along multiple
paths. The received signal experience phase shifts, time delays, distortion and attenuation
from the environment. This effect in the signal is called fading impact and are directed
related to the degradation of the communication performance by increasing the probability of
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bit error [77]. An effective way to overcome such effect, is exploiting diversity in the various
domains, time, space and frequency. Basically, diversity means that the same information
flows through different independent paths [3].
Time Diversity
The time diversity involves transmitting the same signal at different times, separated
by much more than the coherence time. In a multipath environment, this occurs naturally
because the same signal arrives at the receiver by traveling over multiple physical paths, which
tend to experience independent fading [3].
Frequency Diversity
The frequency diversity can be achieved by transmitting the signal on different RF fre-
quencies that are spaced far enough that the fading occurs independently on each carrier.
Space Diversity
Space diversity refers to transmitting the same information over different physical paths
between the transmitter and receiver.
4.1.2 Antenna Configuration
There are four types of antenna configuration that can be used in MIMO systems. They
can be classified by the number of transmitting and receive antennas that compose the system.
This section will describe the different configurations [78].
SISO
The simplest configuration is when the system operates with one antenna in the trans-
mitter as does in the receiver. This configuration is defined as Single Input Single Output
(SISO). Figure 4.1 illustrates the SISO format.
Tx Rx
Figure 4.1: SISO configuration.
This configuration has no space diversity and no additional processing required. The
advantage is simplicity. However, the interference and fading will have a stronger impact in
this system.
SIMO
The Single Input Multiple Output format (SISO) it is composed by a single antenna in
the transmitter and multiple antennas in the receiver as the Figure 4.2 shows.
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Tx Rx
Figure 4.2: SIMO configuration.
In this configuration, it is possible to achieve receive diversity. SISO has the advantage
that it is relatively easy to implement although the processing is higher in the receiver.
MISO
The Multiple Input Single Output (MISO) configuration uses multiple antennas in the
transmitter and one antenna in the receiver as illustrated in Figure 4.3.
Tx Rx
Figure 4.3: MISO configuration.
In this configuration, the diversity is achieved by the transmitter and the processing is
higher on the transmitter side.
MIMO
Lastly, the Multiple Input Multiple Output (MIMO) is composed by multiple antennas
in the transmitter and multiple antennas in the receiver. This configuration allows the trans-
mission of multiple data streams simultaneously in frequency and time. In order to be able
to separate the data from the different paths it is necessary to utilize coding on the spatial
channels. This requires higher processing but provides additional channel robustness and high
spectral efficiency. Figure 4.4 represents the MIMO configuration.
RxTx
Figure 4.4: MIMO configuration.
4.1.3 Receive Diversity
Consider multiple antennas at the receiver and a single antenna at the transmitter. The
extraction and combining of the received transmitted signal replicas is called receive diversity.
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Figure 4.5: Communication system with receive diversity.
Consider the receive antenna elements spaced far enough, to make the channels indepen-
dent. The receiver is able to reduce the effect of fading by combining multiple independent
fading signals [77]. Receive diversity can achieve both diversity and antenna gain. The diver-
sity gain is related to the fact that the channels are independent. The antenna gain is related
to the fact that the noise terms added at each receiver are independent [3].
Some of the schemes that combine the multiple replicas are summarized as [3],
• Maximal Ratio Combining (MRC): All paths are co-phased and summed with
optimal weighting to maximize combiner output SNR. This scheme is also known as
matched filter (MF).
• Equal Gain Combining (EGC): The signal is co-phased on each branch and then
combined with equal weight. The complexity reduction by means of equal gains, makes
the performance of EGC lower compared to the MRC, presenting a lower antenna gain.
• Selection Combining (SC): The selection algorithm compares the instantaneous am-
plitude of each channel and chooses the branch with the largest amplitude.
4.1.4 Transmit Diversity
The main idea of transmit diversity is to provide a diversity or coding gain by sending
redundant signals over multiple transmit antennas [77]. To achieve transmit diversity, multiple
antennas are only required at the transmitter.
To achieve coherent detection at the receiver, before transmission the signal is precoded.









Figure 4.6: Communication system with transmit diversity.
The two main types to achieve transmit diversity are closed loop transmit diversity and
open loop transmit diversity [3].
Closed Loop technique
Closed loop technique requires channel information to assist the transmitter in choosing
a transmit format over the multiple transmit antennas [79].
There are two ways to provide information about the channel. One way is to acquire the
information in the uplink by the base station. The other way is to allocate a feedback channel
with channel information.
Open Loop technique
The open loop technique does not require knowledge of the channel In open loop transmit
diversity space-time/frequency codification is used.The most common space-time/frequency
codes are Space-Time Trellis Code (STTC) and space time/frequency block coding (STBC
or SFBC). STTC provides both coding and diversity gains but requires more complexity [3].
In this work we study the block coding with an adoption of the Alamouti scheme.
The Alamouti scheme was first proposed in [80] which, consider a system composed by two
transmit antennas. The bits are modulated and then converted into symbols, s1 and s2. In
this scheme the symbols s1 and s2 are transmitted simultaneously, from the two Tx antennas
in the first symbol period. In the next symbol period the two Tx antennas transmits −s∗2 and
s∗1, where, ∗ represents the complex conjugate. Table 4.1 represents the transmission code.












Table 4.1: Alamouti encoder scheme [3].
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Figure 4.7 illustrates the Alamouti block diagram.
Figure 4.7: Alamouti scheme with 2 transmit antennas [3].
The channel for antenna 1 is h1 and for the antenna 2 is h2, and is assumed to remain
constant for a duration of two symbols across the two transmit antennas. Figure 4.8 shows
the Alamouti decoder scheme.
Figure 4.8: Alamouti scheme with 1 receive antenna [3].
Being T the symbol duration and assuming the channels between two adjacent instants,
are highly correlated then the received signal r1 and r2 at time t and t+ T is given by [80]:
r1 = r(t) = h1s1 + h2s2 + w1 (4.2)
r2 = r(t+ T ) = −h1s∗2 + h2s∗1 + w2 (4.3)












































2r1 − h1r∗2 (4.7)
The detected symbols can be written as
s˜1 = ‖h‖2s1 + h∗1w1 + h2w∗2 (4.8)
s˜2 = ‖h‖2s2 − h1w∗1 + h∗2w1 (4.9)
Where, ‖h‖2 represents the vector norm of the channel given by |h1|2 + |h2|2.
4.1.5 Spatial Multiplexing
SISO and MISO systems provide diversity and antenna gains but no multiplexing gain
(also called degree-of-freedom) [3]. Spatial multiplexing combines multiple data streams and
transmits them in parallel at the same frequency and time slot over the MIMO multipath
channel.
In spatial multiplexing, multiple signals are assigned to different spatial channels over the
same frequency band, instead of time or frequency slots, and as a result the system capacity
increases without bandwidth expansion [77]. Figure 4.9 shows a block diagram of a spatial
multiplexing MIMO system. There three main components represented are the precoder,
postcoder and the communications channel itself. The precoder maps the multiple input
data streams, that will be transmitted, to the multiple transmit antennas. The postcoder,
processes the signals from the multiple antennas and generates estimates of the data streams.
Lastly, the channel must have a significant amount of multipath scattering. A MIMO system
using spatial multiplexing can increase the transmission rate by a factor of min(P,Q), where








Figure 4.9: MIMO communication system using spatial multiplexing.
4.2 Antenna Configuration for MIMO Radar
Based on the antenna configuration the MIMO Radar can be classified as widely sep-
arated or colocated. With widely separated antennas the MIMO radar has the ability to
improve radar performance by exploiting RCS diversity, since the target appears to be spa-
tially distributed, providing different RCS at each antenna element [81],[50]. The definitions
presented early in section (4.1.3) for MIMO communication can be applied as well to MIMO
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radar. The fact that we obtain independent information about the target and combine it at
the receiver warrant a high-resolution for target information. In colocated MIMO radar, the
RCS observed by each antenna element is indistinguishable [50]. The target is assumed to be
in the far-field scenario and modeled as a point.
An antenna array is a configuration of multiple antenna elements arranged and intercon-
nected in space to obtain a directional radiation pattern [82]. The antenna arrays can be
constructed in various types of geometric configurations. A linear array is the most elemen-
tary form in which the centers of the elements of the array are aligned along a straight line
[82].
In this work, it is studied the colocated MIMO radar with a uniform linear antenna array.
In this section, we briefly discuss the virtual array concept and the basics of angle estimation.
4.2.1 Virtual Array Concept
A virtual array is a technique where the number of receiver antennas becomes more than
the physical number of antennas through a specific individual position of each antenna into
the antenna array, and by means of signal processing. The positions are the convolution of
the original transmit and receive array elements [41],[83].
Consider a MIMO radar system composed by a transmitter with a uniform linear antenna
array with P elements, and a receiver with a uniform linear antenna with Q elements. A single
path from a transmit antenna to the target and back to an Rx antenna is called a spatial
channel. The number of spatial channels represents the virtual antennas and can be express
by the product P ×Q that gives us the number of the virtual antenna elements. Consider the
same number of physical antennas (total number of transmit and receive antennas) for a SISO
system and for a MIMO system, then the number of spatial channels for the MIMO systems
is larger than a system utilizing the SISO configuration. For a P × QM MIMO Radar the
spatial channels can be arranged into an equivalent array consisting of a single Tx and P ×Q
Rx antennas, which is denominated virtual array. In the following two different scenarios are
considered to exemplify the virtual array concept.
In the first scenario, as Figure 4.10 shows, the antenna elements are separated by a
distance of dant = λ/2 both in the transmit and receive antenna array. This figure also
shows the correspondent virtual antenna array. The correspondent virtual array, which is
constructed by calculating the convolution from both transmit and receive antenna elements
of the real array antenna positions, each one with a correspondent phase, is over-represented
[84]. In this example, we have repetitive elements with the same phase rotation resulting only







Figure 4.10: MIMO radar system with the corresponding virtual array.
In order to achieve the maximum number of non repetitive Rx signals, the physical trans-
mit and receive linear array elements must be arranged to result in a maximum unique
response. Figure 4.11 illustrates a scenario of a Uniform Linear Virtual Array (ULVA), where
the distance of each transmit antenna element is Q × λ/2 and the distance of each receive






Figure 4.11: A ULA MIMO radar system with the corresponding virtual array.
4.2.2 Angle estimation basics
While the velocity and the range estimation, are influenced by the signal model parameters
the angular estimation is influenced by the antenna array configuration. Let us start with the
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simplest case to estimate the angle. In order to obtain information about the angle it requires
at least two receive antennas (Rx). Figure 4.12 show the scenario of one transmit antenna





Figure 4.12: Angle estimation.
Consider a transmitted signal from the Tx antenna that hits an object. The signal reflected
from the object will be received by both Rx antennas with an angle (Θ). The signal reflected
from the object will travel an additional distance of dantsin(Θ) to reach the second antenna
Rx. This additional travel will cause a phase difference of w in the second Rx antenna




dant sin (Θ). (4.10)







The phase difference, w, will lead to angle (Θ) in the range (−90◦, 90◦).
Angle Resolution
The angular resolution is the minimum separation of two closely targets for the radar to





4.3 OFDM MIMO Radar Signal Model
With the insertion of multiple antennas in the radar system, the OFDM subcarriers must
be assigned to the antennas in such a way that they are all orthogonal to each other. In
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order to create a set of orthogonal transmit signals, the OFDM signal structure has some
modifications [41]. Figure 4.13 shows an example of how the subcarriers are assignment along
the transmit antenna array elements, in this case, composed by P = 3 elements. The total
number of subcarriers (N) is distributed among the different antennas.
Figure 4.13: Subcarriers distribution along the transmit antennas [85].
Consider that each modulation symbol ck,l is organized into the matrix FTx as
FTx =
 c0,0 · · · c0,N−1... . . . ...
cN−1,0 · · · cN−1,M−1
 (4.13)
FTx ∈ CN×M describes the complete OFDM frame carrying the modulated payload and
FTx(k, l) ∈ A the modulation symbol, where A is the modulation alphabet, in this work we
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use BPSK.
Consider a radar equipped with P × Q transmit(Tx) and receive(Rx) antennas. FTx is
split in P parts FTx,p, thereby every kp-th subcarrier is allocated to p-th Tx antenna, with
0 ≤ p ≤ P−1, kp = p+i·P and 0 ≤ i ≤ N/P−1 as proposed in [86]. The variable i represents
the subindex of the subcarrier allocated to one Tx antenna and kp the index addressing these
subcarriers in the complete frame.















FTx(k, l), if k = p+ i · P, 0 ≤ i ≤ N/P − 1
0, otherwise
(4.15)
Each q-th receiver antenna, receives the signals of all transmit antennas and can recon-
struct the complete payload data frame. Take in count the delay and the frequency shift
during the propagation and the performance of a fast Fourier transform over each OFDM








bh · e−j2pik∆fτp,q,h · ej2pifD,p,q,hlT + Wq(k, l). (4.16)
In relation to the receivers(Rx), each one receives the interleaved signals of all Tx antennas
to reconstruct the complete data frame. τp,q,h is the round-trip distance from p-th Tx antenna






OFDM MIMO RadCom System
The demand for radio-frequency bandwidth is rising, with the growing number of users
and applications [87]. The radar and communication systems are two of main players in this
regard and are central to make the IoT paradigm a reality. The separation of the radar and
communication system is a waste of resources and the interference between the two systems is
inevitable. On the other hand, their integration on a single hardware, enables the paradigm
of dual functionality devices with communication and radar sensing capabilities fundamental
to cope with the challenges of future IoT. A joint radar and communication system has
significant advantages in terms of cost, size, performance and spectrum usage, as by working
collaboratively the interference of each system on the other can be reduced and the spectrum
efficiency of the whole system can be promoted [88].
In this work, the integration of radar and communication systems is accomplished by using
OFDM as a common waveform and the use of Alamouti coding enables both the achievement
of spatial diversity, for the communication functionality, and of transmit signal orthogonality
required to improve resolution, for the radar functionality. The evaluation of the previous
method as a way to achieve radar and communication integration was accomplished by de-
veloping a simulation platform, first only with the radar functionality, for SISO and MIMO
configurations, and then with both radar and communication functionalities.
This chapter is divided into three parts. The first part, deals with the OFDM MIMO
Radar system comprising the system model without communication, the antenna architecture
and the radar imaging. The second part deals with the inclusion of the communication in the
MIMO Radar system comprising the signal-sharing technique used to recovery the payload
data and maintain the radar functionality, presenting the features of the radar terminal and
the communication terminal designed. Lastly, the performance results are presented.
5.1 OFDM MIMO Radar System Developed
In a first approach it is assumed a monostatic radar with a single transmitter, single
receiver where it is only possible to obtain information about the range of the target and the
Doppler shift. It is also considered that there are no other signal sources during transmission
and the only signal received is the transmitted signal after hitting the targets. The only
distortion considerate is the additive white Gaussian noise (AWGN). In section 5.2, the system
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will expand to a MIMO Radar system to obtain an estimate of each target angle.
5.1.1 System model
Consider a monostatic radar with a single transmiting and a single receiving antenna.
Figure 5.1 illustrate such radar system. The system implemented starts by transmitting the
OFDM signal s(t), the signal will hit a total number, H, of objects and the received signal,
r(t), is the superposition of reflections of the original signal.
Figure 5.1: Radar System schematic.
Consider that the complex symbols ck,l are modulated using BPSK and are organized in
the matrix FTx according to
FTx =
 c0,0 · · · c0,N−1... . . . ...
cN−1,0 · · · cN−1,M−1
 ∈ AN×M . (5.1)
Every row represents a subcarrier and every column represents an OFDM symbol of FTx.
In case a subcarrier is left empty each element ck,l correspondent is set to zero.
Starting from the equation (3.19) present in section (3.2) and assuming the matrix nota-




bhFTx(k, l) · ej2pifD,hlT e−j2piτh∆fk + W˜(k, l), (5.2)
where τh the delay and fD,h the Doppler shift.
The frequency shift fD,h, corresponds to a modulation of every row of FTx with a discretely
sampled complex sinusoid ej2piTfD,hl, l = 0 . . .M − 1. The delay causes a phase shift of
every symbol ck,l given by e
−j2pi∆fk, where k is the index of the sub-carrier, k = 0 . . . N −
1. W˜(k, l) ∈ AN×M is the matrix representation of the AWGN. Its elements are complex
Gaussian distributed with zero-mean and variance γ2.
The received matrix (FRx) contains the matrix FTx that has no purpose for the parameters
that we want to estimate. The parameters we have interest are the τ and fD. Therefore, the
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bh · ej2pifD,hlT e−j2piτh∆fk + W˜(k, l)
FTx(k, l)
. (5.3)
The F(k, l) matrix represents the matrix transfer function that will be used for the radar
processing to obtain the radar imaging.
5.1.2 Radar Processing
The periodogram is used as a part of the radar processing to develop the radar imaging.
This section explains the periodogram concept and the adaptation for our case scenario.
Periodogram for Range and Velocity estimation
Periodogram is used to identify sinusoids in a discrete-time signal [64]. For a periodogram
with one-dimension, where s(k) of length N samples is the discrete-time signal, the peri-











In digital systems, the common way to calculate this is to quantize the frequency in regular
















|FFTNPer [s(k)]|2 . (5.6)
where, normally NPer takes a value higher than N .
In our case we need a two dimension periodogram, to use as input the matrix F. For the




















A possible choice for MPer and NPer is MPer = 8×M and NPer = 8×N .
Accordingly to (5.14) to obtain the 2D periodogram first, the columns and rows of matrix
F are zero-padded, then every row is processed with a FFT and, every columns with an
IFFT. The final matrix has a dimension of NPer ×MPer.
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5.2 MIMO Radar System Developed
MIMO radar system employs multiple transmitters, multiple receivers, and multiple wave-
forms to exploit all available degrees of freedom [90]. As we refer in the previous section a
system with single transmitter single receiver is only able to perform range and velocity esti-
mation. In this section the MIMO system is introduced to propose a capable form to estimate
angle information.
5.2.1 System model
Accordingly to the description provided in section 4.3, the OFDM frame at the Rx antenna







bh · e−j2pik∆fτp,q,h · ej2pifD,p,q,hlT + Zq(k, l). (5.10)
In relation to the receivers (Rx), each one receives the interleaved signals of all Tx antennas
to reconstruct the complete data frame. H is the number of targets, bh is the attenuation
factor. τp,q,h is the round-trip distance from p-th to the target and back to the q-th antenna.




Consider a system equipped with P × Q antennas adopting the virtual antenna concept
the equivalent of the previous MIMO system is a system with a 1 × P · Q configuration,
where the receiving antennas are separated by a distance λ/2. Just like in OFDM Radar we
perform a element-wise division to the equation (5.10) in order to remove from the equation







bh · e−j2pik∆fτq,h · ej2pifD,q,hlT + W˜q(k, l)
FTx(k, l)
. (5.11)
The delay can be expressed as τq,h = τh+ τant. τh represents the round-trip time from the
Tx antennas to the first Rx antenna of the virtual array, and the τant the additional distance













In this section we explain how to estimate the three parameters(range, velocity and angle)
of a target.
Consider the matrix Fq(k, l) given by (5.11), where q-th is the index of the virtual antenna
array. The matrix represents the radar channel with range and Doppler information for the
virtual receive antenna q. The range is estimated with an inverse fast Fourier transform
(IFFT) along the columns and the Doppler is estimated with a fast Fourier transform (FFT)

































dant is the space between the Rx antenna elements and Θ range between −90◦ and 90◦. The
resulting matrix can be expressed as
H(k, l,Θ) = 〈G(k, l), B(Θ)〉. (5.17)
5.3 RadCom System
At this point, we are able to obtain a radar imaging. In this section, we intend to
accomplish the radar and communication system integration and present a design of a joint
Radar Communication system (RadCom System). The integration of the two subsystems is
not just at the hardware level. In this case the signal processing used in the radar system will
have a double functionality. The radar should be able to add communication function while
maintaining the original radar function, sharing the same waveform design [91].
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5.3.1 System model
Figure 5.2 illustrates the scenario implemented in this work. The RadCom signal is
transmitted from the RadCom system. The signal transports communication information
to the mobile device equipped with a receiving antenna. At the same time, the signal is
reflected from the target in the area. The RadCom system receives the echoes of it is own
transmit signal and detects the presence of reflecting objects. For communication processing,
the modulation type is perfectly known to the communication terminal. For radar processing,
the transmitted signal is known at the radar receiver.
Before the transmission the data is encoded by using the Alamouti coding to allow joint





Figure 5.2: RadCom System scenario.
RadCom Transmitter
Consider a RadCom system with 2 Tx antennas. Considering the Alamouti space-time
scheme in OFDM systems, Figure 5.3 shows the block diagram of the RadCom Transmitter
implemented.
Figure 5.3: Block diagram of the RadCom Transmitter.
The binary data stream is first modulated and mapped from a BPSK modulation alphabet
to a sequence of symbols Dl[k] given by
Dl[k] =
[
Dl[0], Dl[1], ..., Dl[N − 1]
]T
(5.18)
where l is the OFDM symbol index (l = 0, ...,M − 1) and N the total number of subcarriers.
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Then a STBC operation is performed over Dl[k] and it is turned into two parallel information
vectors according to Table 5.1.
OFDM Block Ant1 Ant2
n s1[n] s2[n]
n+ 1 s1[n+ 1] = −s∗2[n] s2[n+ 1] = s∗1[n]
Table 5.1: Alamouti code[92].
The output vectors during two consecutive transmission periods(n and n + 1) are given
by,
s1[n, k] = [Dl[0], Dl[1], · · · , Dl[k]] ,
s2[n, k] = [Dl[k + 1], Dl[k + 2], · · · , Dl[2k]] ,
s1[n+ 1, k] = [−D∗l [k + 1],−D∗l [k + 2], · · · ,−D∗l [2k]] ,




l [1], · · · , D∗l [k]] .
(5.19)
On each serial data stream an IFFT is performed and a cyclic prefix (CP) is added to output
samples.
Communication terminal
Consider a communication terminal with one Rx antenna at a different place from the
RadCom system. We pretend to recover the payload data sent from the RadCom system.
Figure 5.4 illustrates the scheme of the Communication terminal implemented.
Figure 5.4: Alamouti scheme with 1 receive antenna.
Assuming the channel to be static over two OFDM blocks, where Hi represents the channel
from i-th transmit antenna to the receive antenna. Removing the cyclic prefix and making




Hi[k]si[n, k] + z[n, k] (5.20)
r[n+ 1, k] =
2∑
i=1
Hi[k]si[n+ 1, k] + z[n+ 1, k]. (5.21)
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The outputs are sent to the STBC decoder and the two parallel information streams sent
are estimated
s˜1[n, k] = Hˆ
∗
1 [k]r[n, k] + Hˆ2[k]r
∗[n+ 1, k] (5.24)
s˜2[n, k] = Hˆ
∗
2 [k]r[n, k]− Hˆ1[k]r∗[n+ 1, k] (5.25)
Substituting (5.20) and (5.21) into (5.24) and (5.25):
s˜1[n, k] =
(∣∣∣Hˆ1[k]∣∣∣2 + ∣∣∣Hˆ2[k]∣∣∣2) s1[n, k] + Hˆ∗1 [k]w[n, k] + Hˆ2[k]w∗[n+ 1, k] (5.26)
s˜2[n, k] =
(∣∣∣Hˆ1[k]∣∣∣2 + ∣∣∣Hˆ2[k]∣∣∣2) s2[n, k] + Hˆ∗2 [k]w[n, k]− Hˆ1[k]w∗[n+ 1, k] (5.27)
Radar terminal
Consider a RadCom system with Q Rx antennas and two transmit antennas. At the
Radar terminal, the signal receives the echoes from the objects in the field. Considering only
the angle and the Doppler shift effects and H = 1 target, the channel correspondent to the
Tx antennas 1, can be express as,
G1,q = e
j2piT0fDl · e−2jpifcτq . (5.28)
Being the second Tx antenna spaced by a Q× λ2 distance from the first the channel relative
to the second antenna, can be express as,





The received signal at the q = 1 index of the virtual array for a l = 1 index of the OFDM
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In order to separate the symbols from the radar parameters, is implemented the following






s∗1[n, k] −s1[n+ 1, k]












From the equation (5.31),
Gl,q[k] ≈ [Gˆ1,q,l Gˆ2,q,l], k = 0, ..., N − 1. (5.32)
The information from 5.32 is stored into the matrix Fq(k, l) as
Fq(k, l) = Gl,q[k]. (5.33)
The resulting matrix Fq(k, l) has a dimension of N ×M . In order to calculate the radar
parameters the process is the same as the one presented in section 5.2.2.
5.4 Performance Results
In this section, the performance of the OFDM MIMO Radar and the RadCom System
proposed is evaluated. The waveform of the two systems operates at 24GHz ISM band with
a bandwidth B = 93.1MHz. Being the bandwidth of the signal a fixed value and the range
resolution dependent only on the bandwidth, the value of range resolution is ∆r = 1.61m, for
all the scenarios considered. The limiting properties of the channel are the Doppler spread
and the maximum delay. The magnitude of every target reflection is not taken into account.
This section is divided in three parts, the first part presents the various scenarios for the
OFDM SISO radar system, the second the MIMO radar system developed and the third part
the RadCom system. We present various scenarios with different waveform parameters and
different target parameters.
In this Section we present results for several scenarios: 1 up to 4 for OFDM single antenna
Radar system, 5 and 6 for OFDM MIMO Radar System and 7 for RadCom System.
5.4.1 Imaging performance with OFDM Radar System developed
Consider Table 5.2 where the target parameters are defined for the scenarios studied in
this section. Along with the target parameters, consider the following notation: (N,M,P,Q)
to denote a system using N subcarriers, M symbols, P transmit antennas and Q receive
antennas.
Table 5.2: Target parameters.
Target Velocity Range
A 5 m/s 2 m
B 5 m/s 0 m
C 0 m/s 10 m
D 10 m/s 20 m
E 9 m/s 19 m
F 0 m/s 40 m
In the scenario 1 and 2 we analyze for the Target A, how the waveform parameters affect
the resolution of the target. Considering a (256, 32, 1, 1) SISO Radar System for the scenario 1
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along with the Radar specifications presented by table 5.3, and a (1024, 256, 1, 1) SISO Radar
System for the scenario 2, where table 5.4 give us the radar specifications for the scenario 2.
Table 5.3: Radar Specifications: Scenario 1.
Velocity Resolution ∆v 71.03m/s
Subcarriers spacing ∆f 363.7kHz
OFDM symbol duration T 2.7 µs
Table 5.4: Radar Specifications: Scenario 2.
Velocity Resolution ∆v 2.22m/s
Subcarriers spacing ∆f 90.09kHz
OFDM symbol duration T 11µs
Figure 5.5 shows the radar imaging for the scenario 1 and the radar imaging for the
scenario 2.
(a) Radar imaging for the Target A; and Radar Specifications: Scenario 1.
(b) Radar imaging for the Target A; and Radar Specifications: Scenario 2.
Figure 5.5: Scenario 1 and Scenario 2.
Analyzing the scenarios 1 and 2 as result of the simulations for the same target parameters
and for different radar specifications, it is possible to see how the waveform parameters affect
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the radar resolution. Considering the scenario 1 and 2 it is possible to obtain a good range
resolution, but the simulation presents a coarse velocity resolution. Increasing the number of
subcarriers and OFDM symbols the OFDM Radar system presents a considerable improve-
ment in the resolution parameters as we can see from the simulation results presented for
scenario 2, Figure 5.5b.
In next simulations, considering a (1024,256,1,1) SISO Radar System we present a radar
imaging for several targets, with Radar Specifications given by Table 5.5.
Table 5.5: Radar Specifications: Scenarios 3,4.
Velocity Resolution ∆v 2.22m/s
Subcarriers spacing ∆f 90.09kHz
OFDM symbol duration T 11µs
In scenario 3 the targets B, C and D are considered and for the scenario 4 the targets D,
E and F are considered. Figure 5.6 shows the radar imaging for the scenario 3 and the radar
imaging for the scenario 4.
(a) Radar imaging for the Targets: B, C, D;and Radar Specifications: Scenario 3.
(b) Radar imaging for the Targets: D, E, F;and Radar Specifications: Scenario 4.
Figure 5.6: Scenario 3 and Scenario 4.
In the scenario 4 was simulated a periodogram for a case where the radar constraints are
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not met. It is possible to conclude that the radar algorithm cannot distinguish the Target D
and Target E because the distance between them is less than the resolution parameters.
5.4.2 Imaging performance with OFDM MIMO Radar System developed
In this section we present the simulations of a MIMO system studied in chapter 4, by
simulating the equivalent virtual array concept. Table 5.6 give us the target parameters and
Table 5.7 the Radar Specifications, studied in this section. Consider as well the (1024, 256, 3, 5)
MIMO Radar system.







Table 5.7: Radar Specifications: Scenarios 5, 6.
Velocity Resolution ∆v 2.22m/s
Angle Resolution ∆Θ 3.8◦
Subcarriers spacing ∆f 90.09kHz
OFDM symbol duration T 11 µs
Figure 5.7 shows the radar imaging for the scenario 5 and the radar imaging for the
scenario 6.
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(a) Radar imaging for the Targets: A, B; and Radar Specifications: Scenario 5.
(b) Radar imaging for the Targets: C, D; and Radar Specifications: Scenario 6.
Figure 5.7: Scenario 5 and Scenario 6.
In scenario 5 was simulated a periodogram where the radar parameters are range and
angle and it was considered the target A and B. In scenario 6 was simulated a periodogram
where the radar parameters are velocity and angle and it was considered the target C and D.
The radar has managed to solve the 4 targets, since the resolution parameters agree with the
target parameters.
5.4.3 Imaging performance with RadCom System developed
For the scenario 7, we present the average BER performance over a predefined Eb/N0 for
the communication terminal designed in this section 5.3 and a radar imaging performed at
the RadCom System designed. Consider the (1024, 256, 2, 10) RadCom System. The target
parameters are described in Table 5.8 and the radar specifications in Table 5.9.




Table 5.9: Radar Specifications: Scenarios 7.
Velocity Resolution ∆v 2.22m/s
Angle Resolution ∆Θ 3.8◦
Subcarriers spacing ∆f 90.09kHz
OFDM symbol duration T 11 µs
The Figure 5.8 shows the radar imaging performed from the RadCom system developed
and the BER at the communication terminal.
(a) Radar imaging for the Target: A;and Radar Specifications: Scenario 7.
(b) BER perfomance at the Communication terminal.
Figure 5.8: Scenario 7 and BER.
It can be seen that the inclusion of the communication functionality in the MIMO Radar
system, comprising the signal-sharing technique previously described to recover the payload
data, was achieved successufully. Namely, a viable communication link between the RadCom
system and the communication terminal was accopmlished and a way to integrate both radar
and communication functionalities, within the RadCom system developed.
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Chapter 6
Conclusions and Future Work
In this chapter, we present the conclusions of this work and a possible points for the future
work.
6.1 Conclusions
In this dissertation we started by presenting the background of the communications sys-
tem and the evolution since the first generation to the next generation. From the description
presented in this chapter, we can see the progress made from the 1G until the current technol-
ogy systems, the future communications systems are expected to provide very high data rates
with a low latency. Consequently, we also face a spectrum congestion problem which leads
the focus of research work in new applications with better use of the spectrum resources.
Motivated by this needs emerged the idea to develop a system with integrated radar and
communication technology in the same device. The chapter 1, presents an overview of the
joint radar and communication system showing the advantages for future communications
systems.
In chapter 2, the radar system and the basics of the system were introduced. It was
presented the operational frequency band of the radar systems, the radar equation and the
radar waveforms. It was also introduced such features of the radar in order to help the design
of a radar system.
Then, in chapter 3 were introduced the OFDM radar system. We started by presenting
an overview of the OFDM waveform and some communications requirements. Later, were
presented the OFDM waveform as the signal model for radar systems. In the end of the
chapter, it was presented the boundaries of the OFDM radar system. It was possible to
conclude that OFDM fits the radar parameters as a choice for radar waveform.
In chapter 4, were presented the modifications of the OFDM system with the introduc-
tion of multiple antenna systems. We started by presenting an overview of systems that
employ multiple antennas, at the transmitter and receiver, allowing to obtain diversity, spa-
tial multiplexing and higher data rates. After, it was introduced the antenna configuration
and presented the angle estimation basics. Furthermore, it was also described the MIMO
Radar with OFDM as signal model.
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In chapter 5, were proposed an OFDM MIMO radar system model without communication
and the development of a radar imaging. Later, it was added communications in the radar
system by combining the Alamouti code with OFDM for the integration of MIMO Radar and
Communication Systems.
A joint radar and communication system has significant advantages in terms of cost, size,
performance and spectrum usage. The integration of radar and communication systems is
accomplished by using OFDM as a common waveform and the use of Alamouti coding enables
both the achievement of spatial diversity, for the communication functionality, and of transmit
signal orthogonality required to improve resolution, for the radar functionality. The flexible
allocation of carriers was one of the motivation for choosing OFDM as a candidate radar signal.
The evaluation made of such technologies to achieve radar and communication integration was
accomplished by developing a simulation platform, first only with the radar functionality, for
SISO and MIMO configurations, and then with both radar and communication functionalities.
The evaluation results of this work took us to the following conclusion:
• The OFDM is a viable choice for radar and exhibits good values for the resolution
parameter and for the radar performance.
• The performance of a radar imaging with the main target parameters such, range, veloc-
ity and angle were simulated with success through the systems studied and developed,
in this work.
• The simulations showed that it is possible by means of a shared waveform preserve the
information and maintain the radar functionality at same time, from a node RadCom
system to a communication device.
6.2 Future Work
As possible points for future work the following topics may be considered among others:
• The demonstration of the MIMO OFDM Radar and Communication system in practical
scenarios by implementing in hardware the techniques studied and evaluated in this
work.
• This work considers a scenario with only one radar or RadCom terminal. An important
aspect to be considered as future work would be the study of the impact incurred by the
deployment of several terminals working using the same space-time-frequency resources.
Namely, the analysis of the interference among RadCom terminals and the exploration
of coexistence and interference removal techniques.
• OFDM is a well known waveform, especially for communication applications. However,
other waveforms have been proposed and studied recently for commnication systems.
Among them we have the Universal Filtered Multicarrier (UFMC), Generalized Fre-
quency Division Multiplexing (GFDM) and Filter Bank Multicarrier (FBMC). There-
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